Abstract--This paper presents a new pole-zeroassignment-based design method of a two-degree-offreedom PID controller which is applicable to both positioning and tracking drives of linear servo motors. This method can uniquely determine the five PID control parameters by only giving five items; namely, mover mass, maximum load mass, thrust constant, cutoff frequency of position control system, crossover frequency of sensitivity and complementary sensitivity functions, and pole-angle in the s-plane. Simulation and experimental results validate the proposed method.
I. INTRODUCTION
In linear servo motor (LSM) drives, robust twodegree-of-freedom (TDOF) PID controllers have been studied for overcoming inherent disturbances: vertical force, bearing friction and loaded-mass variation.
TDOF PID controllers that make it possible to design disturbance and reference responses independently are well known [1] . These controllers have been often employed in process control systems, whose design strategy is clear and intelligible. Firstly PID parameters (proportional gain KP, integral gain K I , and differential gain K D ) are determined so that disturbance response required is obtained. Then, TDOF parameters (α and β) which do not have any effects on disturbance response are adjusted to improve the reference response [2] - [3] . In [4] - [5] , adopting this strategy to mechanical servo system has been studied. However, this design strategy is not applicable to positioning and tracking servo systems. This is because the reference response is not necessarily optimized.
If a design method suitable for servo systems is developed, robustness of the servo system can be easily improved. In [6] , auto-turning of TDOF PID controller for engine electronic throttle system has been presented. This method entails adjusting the controller gain by a closed-loop test using a model-based adaptive control algorithm. In [7] , the authors have been studied poleassignment-based design of TDOF PID controller for LSM drives. A simple calculation formula derived in [7] can easily determine all parameters (KP, K I, K D , α and β) from only four items (mover mass, maximum load mass, thrust constant, and cutoff frequency of closed-loop position control system). In [8] , by introducing an arbitrary constant ε, improving a freedom of pole assignment proposed in [7] has been presented. However, a physical image of ε has not been unclear. In [9] , the authors have been clarified the relationship between ε and crossover frequency of sensitivity and complementary sensitivity functions, and derive a new calculation formula for determining all the parameters from five items in which the crossover frequency is added instead of ε. This design strategy suitable for the positioning drives of LSM. However, for adapting this strategy to the design of the tracking drives, the design procedure of TDOF PID controller is not systematic since it is necessary to redesign the TDOF parameters based on a law learned by experience once the optimum design of TDOF PID controller for positioning drive is completed. Consequently, the cutoff frequency and the pole assignment that are finally determined do not become necessarily clear.
To address this situation, the purpose of this paper is to propose a new systematic method to design this controller capable of applying to both positioning and tracking drives [10] . This design method can design the controller suitable for positioning and tracking drives by only varying the pole-angle in the s-plane. The proposed method is verified with simulation and experimental results. Fig. 1 shows a basic composition of a TDOF PID position controller for LSM drives. In this figure, transfer functions of controllers (C 1 (s) and C 2 (s)) and vectorcontrolled LSM (P(s)) are written as follows. where m and m L are the motor mover and loaded-work masses (kg) respectively, k is the thrust constant (N/A), x is the mover position (m), i q is the q-axis current (A).
II. BASIC DESIGN OF TDOF PID CONTROLLER
In addition, the closed-loop transfer function of the position control system G C (s) and sensitivity function S(s) are obtained as follows. (5) where,
It can be found that, from (4) and (5), G C (s) depends
it is unrelated to α and β. Thus, one can design the disturbance response and the reference response independently using this property.
III. SYSTEMATIC DESIGN OF TDOF PID CONTROLLER
In the proposed systematic design strategy, the polezero assignment of the closed loop transfer function G C (s) can be expressed as Fig. 2 . In this figure, ω b is the cutoff frequency of the closed-loop position control system, ε is an arbitrary constant. Using ω b and ε, the transfer function G C (s) is rewritten as follows. (6) where, A is constant, x = 2cosθ.
The calculation formula of five gains are derived so that the coefficients of (4) correspond to those of (6), which is summarized as follows. where, M=m+m LC , m LC is a set point of the load mass (kg) used for the design of the controller.
Thus, one can determine five gains only by setting ω b , ε and x (=2cosθ). However, a physical image of ε has not been clarified necessarily as well as [8] . Note that C(jω c )=C 1 (jω c )+C 2 (jω c ). Then, the following relationship can be derived. (4) and (6), ε is assigned as follows. Thus, by substituting (14) into (7)-(11), a new calculation formula to determine the parameters of the TDOF PID position controller is derived as follows. 
IV. SIMULATION AND EXPERIMENTAL RESULTS

A. Setting guidance of the pole-angle
To clarify the setting guidance for the pole-angle, the authors carried out the simulation of the position responses in several pole-angles. The simulation condition is as follows; ω b = 10 rad/s, ω c = 300 rad/s, k = 41.6 N/A, m = 11 kg, m LC = 0 kg, m L = 0 kg, θ is from 0 to 60 degrees with 15 degrees intervals. Fig. 3 shows simulation results of 50 mm step-type position responses. From Fig. 3 , it is found that an overshot is completely suppressed when θ = 0 degree. Fig.   4 shows simulation results of 500 mm/s ramp-type positon responses. From Fig. 4 , it is found that a tracking error is hardly seen when θ = 60 degrees. Thus, in positioning drives the optimum θ is 0 degree, and in tracking drives that is 60 degrees.
To verify the validity of the simulation results, the authors carried out actual driving tests of a vectorcontrolled LSM. Table I shows the specifications of the test LSM manufactured by Shinko Electric Co., Ltd.
Fig . 5 shows the experimental setup. The switching frequency of the PWM inverter is 10 kHz. The controller is mounted on a DSP system manufactured by Myway Plus Co., Ltd. The position data is detected by an encoder whose resolution is 5 μm.
Figs. 6 and 7 show experimental results of the step responses (whose moving distance is 50mm) and the ramp responses (whose moving velocity is 500mm/s). It is confirmed that the simulation results are validated by the experimented results since the difference between them is hardly seen. 
B. Driving performance under loaded-work mass variation
In the case of LSM for conveyance, the load is equipped on the mover. Since this situation can be regard as an equivalent disturbance input, the authors carried out the simulation of disturbance position response to clarify how to set m LC to maximize the robustness. is set as the maximum value of the loaded work mass to improve the robust characteristics.
Experimental verification under loaded-work mass variation is an important future work.
